Introduction
Silicon-carbon (Si 1-y C y or Si:C) source/drain (S/D) stressor technology is an attractive strain engineering technique for drive current enhancement in N-FETs [1] . Recently, there is increased interest in forming of nickel silicides on Si 1-y C y [2] . In particular, achieving low contact resistance on Si 1-y C y with high substitutional carbon content (y or C sub ) is important for realizing high performance levels. Recently, it has been reported that the electron barrier height Φ B N of NiSi can be modulated linearly with C sub of 0.15, 0.28, 0.4% in Si 1-y C y films [3] . A Φ B N modulation of 27 meV for C sub of 0.4 was reported.
However, the impact of higher C sub on Φ B N has not been investigated before.
In this paper, we report the influence of high substitutional carbon content on the Φ B N of NiSi. Our results show that C sub of 1.5% achieves a record carbon-induced NiSi Φ B N modulation of 101 meV. This implies that high C sub in Si 1-y C y S/D is an alternative avenue for Φ B N engineering to reduce parasitic series resistances in N-FETs.
Experimental
In this work, 60 nm undoped Si 1-y C y films was epitaxially grown on p-Si(100) substrates by ultra-high vacuum chemical vapor deposition. The methylsilane flow rate was varied during the deposition process to grow epitaxial Si 1-y C y films with C sub of 0.5%, 1.1%, 1.5%, and 1.8%. The substrates were cleaned with a sulphuric-peroxide (SPM) solution at 80 o C for 60 s and a dilute hydrofluoric acid solution at 25 o C for 60 s. 10 nm thick nickel (Ni) films were then deposited using electron beam evaporation. Silicidation was performed at 250 o C to 900 o C in steps of 50 o C for 60 s in N 2 ambient. Unreacted Ni was selectively removed with SPM solution at 80 o C for 120 s.
Results and Discussion
Fig . 1 shows the relation between C sub and the Si 1-y C y sheet resistance or energy band gap E g . Increasing C sub decreases E g [4] but degrades the sheet resistance R S significantly [5] . This relation suggests that a suitable trade-off between R S , contact resistance [i.e. silicide-to-Si 1-y C y ], and channel strain engineering has to be considered for N-FET performance optimization using the Si 1-y C y S/D stressor technology. High resolution XRD (Fig. 2) shows well-defined Si 1-y C y peaks and indicates the growth of high quality single crystalline Si 1-y C y epi-layer. High C sub of up to 1.8% was achieved. Phase transformation curve of nickel silicides on Si 1-y C y (hereafter referred to as NiSi:C) for annealing temperatures up to 900 o C is shown in Fig. 3 . Increasing C sub degrades the R S of NiSi:C films in the temperature range of 300 to 400 o C for C sub of more than 0.5%.
Due to carbon incorporation, the thermal stability window for NiSi:C is extended to 800 o C, as shown here and in agreement with Ref. [2] . Fig. 4 and 5 detail the θ/2θ XRD scan of NiSi:C films formed at 300 and 350 o C, respectively. C sub of 0.5%, 1.1%, and 1.5% were investigated. It is clear that R S degraded for NiSi:C films with C sub > 0.5% is due to the presence of the highly resistive phase of Ni 2 Si (Fig. 3) . In contrast, the higher R S for NiSi:C films formed at 350 o C is attributed to impurity scattering due to the presence of C in NiSi:C grains [3] as the monosilicide phase was present in the films for all C sub (Fig. 4) .
The thermionic emission model was used to extract the hole barrier height Φ B P for NiSi:C on p-Si from the experimental current-voltage (I-V) data in Fig. 6 . Degradation in the forward current is attributed to an increase in sheet resistance with increasing C concentration. Conversely, the decrease in reverse current with increasing C sub clearly indicates an increase in Φ B
P
. Assuming the sum of the Φ B N and Φ B P is approximately equal to the E g of Si 1-y C y [4] , the extracted Φ B N are 0.70 eV, 0.6435 eV, and 0.5775 eV for C sub of 0.5%, 1.1%, 1.5%, respectively. We also plot the distributions of Φ B P for NiSi:C with C sub of 0.5%, 1.1%, and 1.5% and shows an average 110 meV shift towards the conduction band. A larger shift can be obtained by scaling C sub above 1.5%. To quantify the largest shift of Φ B P for NiSi:C with C sub of 1.5% with greater accuracy, I-V curves were measured at different temperatures ranging from 303 K to 373 K (inset of Fig. 8) . From the Richardson plot in Fig. 8 , an effective Φ B P of 0.5185 eV was obtained, which compares well with Φ B P obtained at room temperature (Fig. 7) .
This implies that Φ B P values obtained for C sub of 0.5% and 1.1% with room temperature I-V curves are realistic. 
Summary
We reported the effective modulation of the barrier height of NiSi:C for on Si:C with high C sub . A record carbon-induced NiSi Φ B N modulation of 101 meV for C sub of 1.5% was achieved. Φ B N engineering with high C sub is a practical approach to scale parasitic series resistance in N-FETs. 
